Transfection of primate tissue explants with a speci®c sub-fragment (p31) of EBV DNA results in epithelial (but no other) cells proliferating inde®nitely (becoming immortalized') without evidence of a`growth crisis'. Molecular evidence supports integration of viral information into the host chromosome, and an early genotypic alteration involving speci®c ampli®cation of a subcomponent (IR1) of p31 DNA, followed by apparent loss of viral DNA from chromosomes, consistent with à hit and run' mechanism. However, analysis at the individual cell level during long-term culture, by FISH techniques, reveals chromosomal alterations, and viral sequences surviving within double minute (DM) bodies. Changing growth patterns occurring at dierent stages during propagation (4a year in culture) may be explained by sporadic reintegration of surviving viral DNA into the host chromosome. Notably, throughout culture, telomere lengths in chromosomal DNAs do not alter but rather retain the length observed in the primary cell populations. Introduction of a growth stimulating function of EBV, BARF1, into the immortalized, nonclonable epithelial cells under conditions which permit overexpression, allows clonal populations to be derived. Based on the data, mechanisms of immortalization, in the absence of a proven viral oncogene in p31 DNA, and possible genes involved, are considered. Oncogene (2002) 21, 825 ± 835. DOI: 10.1038/sj/onc/ 1205130
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Introductioǹ
Hit and run' was described by Skinner (1976) as a mechanism to explain cellular transformation by human DNA viruses, where input genetic information could no longer be detected upon long-term culture of the transformed host cells in vitro, or by passage of an induced tumour in vivo. Subsequently, many examples of hit and run' have been reported, involving notably the herpes viruses, herpes simplex (HSV) McDougall, 1980, 1990; Bauer et al., 1992) and EpsteinBarr (EBV) viruses (Grin and Karran, 1984; Karran et al., 1990; Yao et al., 1990; Lin et al., 1993; Delecluse et al., 1997; Wolf et al., 1995; Jox et al., 1997; Srinivas et al., 1998 , reviewed, Ambinder, 2000 , or on occasion cytomegalo (CMV) (Gelb and Dohner, 1984) or varicella zoster (VZV) (Iwasaka et al., 1992) viruses. Shen et al. (1997) proposed that`hit and run' transformation by human papilloma (HPV) viruses might be a consequence of mutations induced in cellular genes. Whatever its mechanism,`hit and run' is not restricted to human cells or viruses and has, for example, been observed in rodent cells transformed by bovine papillomavirus (HBV) (Smith and Campo, 1988) . Whereas virally-induced mutagenesis may be an important component of this mechanism, in the case of the sustained proliferation (`immortalization') of epithelial cells induced by EBV DNA (Grin and Karran, 1984; Karran et al., 1990) , or malignant transformation of mouse ®broblasts by bovine papillomavirus-4 DNA (Smith et al., 1994) , gene ampli®cation has been shown to precede the loss of the input viral information. In spite of the obvious importance of`hit and run' and its involvement in cell proliferation, a precise mechanism to explain it in any individual case has not been identi®ed.
In our earlier work, primary tissues from the common marmoset (Callithrix jacchus) ± a New World primate postulated as a good model for EBV studies (Cox et al., 1996; Farrell et al., 1997; Antunes et al., 1998) ± were used to explore virally-induced cell growth. These primates have chromosomes whose sizes are amenable to analysis and a diploid number of 46 (Ejiwunmi, 1987) . In experiments where cloned fragments from a recombinant EBV BamHI DNA cosmid library were used to search for genes that could provoke growth alteration, a 40 kbp viral fragment (called p31 DNA; Figure 1 ) proved competent to immortalize the epithelial cell populations from marmoset kidneys (Grin and Karran, 1984; Karran et al., 1990) . p31 DNA consists of a contiguous region of the EBV genome, from BamHI D?A, carrying a single copy of small BamHI fragments W (internal repeat 1, or IR1) and L, acquired during cloning (Hitt et al., 1989; Karran et al., 1990) . Immortalization was accompanied by ampli®cation of IR1, followed sequentially by apparent loss of input DNA, but retention of the altered cellular morphology, a characteristic`hit and run' event.
Notably, most of the viral genes within p31 DNA have either been associated classically with the viral lytic cycle, or remain largely unde®ned (Karran et al., 1990) . They are not genes involved in the immortalization of B-lymphocytes by EBV (Kempkes et al., 1995; Robertson and Kie, 1995) . On the other hand, there is a strong correlation between them and the viral gene expression pattern in the human tumour, nasopharyngeal carcinoma (NPC) (Hitt et al., 1989; Chen et al., 1992) (Figure 1 ). The studies in this paper represent a long-term attempt to de®ne events in the apparent`hit and run' immortalization of primate epithelial cells by a speci®c fragment of EBV DNA and were stimulated by PCR ®ndings of a complex, possibly`¯uid' changing pattern of viral gene loss in continuously passaged cells.
Results
Tissues from parotid gland, nasopharynx and kidneys of common marmosets were individually plated as 1 ± 3 mm explants onto tissue culture dishes, and transfected with the p31 recombinant DNA fragment of EBV (Grin and Karran, 1984) . With marmoset kidneys, trypsinized cell suspensions were also used, as described earlier (Karran et al., 1990) . For explants, once a primary con¯uent culture was obtained (several weeks), cells were then sub-cultured weekly. Initially, 2 ± 3-fold dilutions were routinely used, but as cells became established, this could be increased to 5 ± 10- Figure 1 Composite diagram showing the location of BamHI restriction fragments (A?e) on the physical map of a typical linear EBV genome, a histogram giving the quantitative viral gene expression pattern in an epithelial cell tumour (C15 NPC), as determined from analysis of a comprehensive cDNA library (Hitt et al., 1989 ) (top panel), the composition and location of the p(plasmid)31 DNA fragment (Grin and Karran, 1984) , and locations and polarity of some of the open reading frames in p31 DNA (Karran et al., 1990 ) (bottom panel), as taken from the sequence of the prototype B95-8 EBV strain (Baer et al., 1984) . p31 DNA is derived from the B95-8 genome which has a deletion that removes sequences that give BamHI fragments Ia, b, and c, as shown, generating a single BamHI I fragment (as seen, bottom panel). There is a single copy of the BamHI W and L fragments, incorporated during cloning, the former being present in multiple (10 ± 14) copies, designated IR1, in normal viral genomes (Baer et al., 1984) . The minimum B-cell immortalizing region (Robertson and Kie, 1995) encompasses BamHI Nhet (on the right of the physical map) and various components of the genetic information from BamHI N?K (at left). (Notably, it does not include BARF1, which stimulates the epithelial cells in our studies to further growth) fold, particularly for parotid (designated M845PE) and kidney (M632K) cells. The nasopharyngeal line (M330NP), which proved more sensitive to high dilution, was passaged as initially. Notably, in none of the immortalization experiments was a condition seen that resembles that observed with most human cells, designated as`crisis'. Instead, in our experiments a steady-state proliferation of epithelial cells occurred, in the presence of senescing cells of other lineages.
The morphology pro®les (Figure 2 ) of primary, untransfected (A) and EBV p31 DNA-derived M845PE cells, from early (passage 6,B) through intermediate (C, passages 11 ± 24) proved unsuccessful. After continuously proliferating populations were fullyestablished, all cells stained positive with a pan cytokeratin antibody (LP34). M845PE was further typed using monoclonal antibodies to simple, basal and non-corni®ed, strati®ed or squamous epithelium. Staining observed (described in Materials and methods) was indicative of basal epithelial populations. Cell lines were examined for growth in soft agar and ability to produce tumours in athymic mice. In no case was growth in the semi-solid medium, nor tumorigenesis observed (data not given). p31 DNA thus appears to contain genes competent to stimulate some types of epithelial cells, regardless of their origin, into continuous division, essentially to`immortalize' them, but not to transform them into a tumorigenic state.
To look at events occurring in the cells during immortalization', the status of the chromosomes present in the normal parental (male) marmoset parotid tissue and its induced parotid cell line, M845PE (at passage 26) was assessed by G-banding karyotyping. In normal parotid cells ( Figure 3A ), 46 chromosomes were observed and identi®ed, as noted (Ejiwunmi, 1987) . A hypodiploid (chromosome mode=45) pattern was seen in the M845PE cell line. Several translocations, corresponding to t(X;15), t(20;22) and t(10;?) ( Figure 3B ), and chromosome number alterations (76, 77, 710, +16, 720, and 722) were also observed. The data are consistent with chromosomal instability, either at existing fragile sites or corresponding sites induced during the immortalization process, possibly by integration of the viral DNA.
Here, as in earlier studies (Grin and Karran, 1984; Karran et al., 1990) it was observed by Southern blot/ hybridization experiments on M845PE DNA, that after transfection, and in very early passaged cultures, the entire input EBV p31 DNA was present: Using BamHI A DNA (the largest sub-fragment of p31, cleaved with restriction enzymes to improve sensitivity), blotting data on BamHI-cleaved chromosomal DNA showed this fragment to be present and intact in cultures (Figure 2 ) at passages 2 and 6, but no longer detectable at passage 11. At passages 21 and 26, very little hybridization was observed using any sub-fragment probes from p31 DNA. By this rather insensitive technique, no particular fragment, not even ampli®ed IR1 DNA, could be identi®ed as remaining in total cellular DNA (data not given).
To explore this subject further, the presence of viral information in total chromosomal M845PE DNA, transduced with p31 DNA, was assessed by the polymerase chain reaction (PCR). In contrast to the Southern blot results, with this more sensitive technique, EBV DNA corresponding to a unique gene (BARF1) product could be identi®ed and con®rmed (by hybridization with a radio-labeled oligonucleotide probe) up to passage 12 in culture (Figure 4 , upper panels, tracks 5) but not at passage 21 (tracks 6), or up to passage 21 ( Figure 4 , lower panels, tracks 6) for the multicopy (IR1) gene. The PCR data, particularly at intermediate passages, re¯ected molecular changes that Figure 2 ) and growth property (see text, above) alterations, and the data were reminiscent of à hit and run' event. However, unexpectedly, in late (46 and 58) passages of uncloned cultures from continuously propagated cells, the unique (BARF1) gene product was again identi®ed in chromosomal DNA ( Figure 4 , upper panels, tracks 7 and 8), whereas sequences from the ampli®ed (IR1) region were diminished in quantity or even absent ( Figure 4 , lower panels, tracks 7 and 8). Other data to evaluate the presence of viral genes in the cells, using larger probes that could be labelled to higher speci®c activities (that is, BamHI A and D fragments for unique genes, and BamHI W for repetitive sequence) are summarized in Table 1 . The two sets of data ( Figure 4 and Table 1) are essentially consistent.
The data above are dicult to understand in terms of a mechanism dependent upon expression of a classical viral immortalizing (or oncogenic) function, or mutation events that might create equivalent activities. On the other hand, the data strongly support viral involvement since in no experiment was cell growth observed in the controls, in the absence of viral genetic input, whereas epithelial cell selection and continuous growth was observed following transfection with p31 components of EBV DNA. Our assays, however, had been con®ned to the examination of total cell populations, and did not reveal gene patterns at the individual chromosomal level. To address the latter, an in situ hybridization (FISH) protocol with ā uorescence-labelled p31 DNA probe was used. Here, data on cells at early passage showed signals on both chromatids of many chromosomes, with varying patterns observed with some metaphase populations. Notably, by about passage 25 (when PCR data were weak or negative) whereas¯uorescence was still seen on some chromosomes from the cells, it was now also observed on extrachromosomal bodies resembling double minute (DM) chromosomes. Similar results were observed on metaphases from later passaged cells. Typical chromosomal and FISH data from a metaphase chromosome slide, using cells at passage 47 in culture probed with p31 DNA, are shown in Figure 5 . This study was extended more systematically to metaphase slides from M845PE cells at early (6th), intermediate (25th) or late (47th and 59th) passages, using as probes not only whole p31 fragment DNA, but also its sub-components, BamHI A, D, I and W DNAs (see Figure 1) . A thousand cells were examined, including at least 100 metaphase spreads for each experiment. The ®ndings are summarized in Table 2 . Overall, the FISH data re¯ect a decreasing pattern of uorescence-positive cells with increased cell passage (from about 10% at passage 25 to 51% at passage 59). Strikingly, after about passage 25, positive hybridization was mainly observed outside the chromosomes in the DM bodies.
Results similar to these, associated with ampli®ca-tion of several well-known cellular oncogenes, such as c-myc and mdm2 (Nowell et al., 1983; Bar et al., 1992; Nielsen et al., 1993; Rao et al., 1998) , have been noted in transformed human cells. Here, DMs have proved to be reservoirs for the ampli®ed sequences (Lombardi et al., 1987; Momand et al., 1992; Rao et al., 1998) . To explore whether these cellular genes might also be ampli®ed and play a role in the genetic and morphological alterations observed in our studies, probes for c-myc and mdm2 were used in FISH analyses of M845PE metaphase DNA. No¯uorescence indicative of their ampli®cation was observed, however (data not shown). These studies do not exclude the is that normally expected (Ejiwunmi, 1987) , whereas that in the immortalized cells (B), is hypodiploid with a mode number of 45 and shows several atypical chromosomes (as indicated, alongside a normal X and Y chromosome, arrow-heads)
Inhibition of epithelial cell senescence by EBV DNA Y Gao et al possibility that other, similar, cellular genes may have been ampli®ed and excised from chromosomes. The next question raised was whether viral genes associated with transformation (particularly the viral membrane protein, LMP1, and BARF1) might change Figure 4 PCR and hybridization analyses of EBV genomic DNA in M845PE cells over time in culture. Genomic DNA was ampli®ed by gene speci®c primers (see Materials and methods) to detect a 697 bp product from the single copy BARF1 gene (upper panels), or a 236 bp product from BamHI W (lower panels). Upper panels. Ethidium bromide stained agarose gel containing BARF1 ampli®ed products (A) and the same gel blotted and hybridized with a 32 P-labelled oligonucleotide probe for BARF1 (B). The tracks contain PCR products from p31-transduced M845PE cells: at 6th (duplicate tracks 1 and 2), 9th (track 4), 12th (track 5), 21st (track 6), 46th (track 7) and 57th (track 8) passages in culture. Other tracks contain PCR products from M845PE cells at passage 6 transduced with BARF1 DNA, under its viral promoter (2 passages later, track 3) or at passage 24 under the inducible MMTV promoter/enhancer (pZAR1recombi-nant DNA; Wei et al., 1994) to produce cloned lines 30 (2 and 11 passages later, tracks 9 and 10, respectively) or clones 1 and 2 (several passages later, tracks 11 and 12, respectively). Tracks 13 and 14, respectively, contain control PCR products from B95-8 DNA or primers only. Tracks 1 ± 8 contain ampli®ed products from uncloned populations of cells whereas tracks 9 ± 12 are from cloned populations, which may contain not only high copies of input BARF1 but probably cells also selected for the presence of EBV-genes. Track M contains molecular weight markers. Bottom panels. Ethidium bromide stained agarose gel containing BamHI W (IR1) ampli®ed products (A) and same gel blotted and hybridized with a 32 P-labelled oligonucleotide probe for IR1 (B). The DNA samples and loading were the same as described above. The early ampli®cation observed over this region (tracks 1 ± 6) appears to be sustained through 21 passages, then the sequence was apparently`lost ' (tracks 7, 8) . One of the cloned lines, M845PE/ZAR 1 (lane 11), however, maintained high levels of DNA from this region the growth properties of the immortalized M845PE epithelial cells. When expressed from strong or inducible promoters, both of these genes have been shown competent to transform (to tumorigenicity) established cell lines from a variety of sources (Wang et al., 1985; FaÊ hraeus et al., 1990; Kulwichit et al., 1998; Wei and Ooka, 1989; Wei et al., 1994 Wei et al., , 1997 . The gene for BARF1, but not LMP1, is encoded within p31. When M845PE cells were transfected with a recombinant DNA, pZAR1 (which carries the BARF1 gene under the control of the inducible MMTV promoter/enhancer with a drug resistance marker to allow for selection) (Wei et al., 1994) , growth alterations did occur, and some cells were generated that allowed for clonal selection . Cloned lines, designated M845PE/ZAR 1-3, 7 and 30, were obtained but in each case, cells were still contact inhibited and could not be propagated in soft agar (data not shown), by such criteria being not`fully transformed'. One line (clone 1) produced cells that formed colonies on plastic in a manner resembling transformed cells, although in vivo (in nude mice) induced no tumours. This line is notable in that PCR investigations showed it to retain both the BARF1 gene and IR1 (Figure 4 , tracks 11), and FISH data showed almost all detectable viral DNA to reside on DMs (not given). In general, the ZAR-transduced M945PE lines showed¯uorescence indicative of an increased number of marker chromosomes and an increased frequency of DMs (Table 2) . The RT ± PCR data for BARF1 on the uncloned M845PE cell populations and cloned M845PE.ZAR lines (not shown) were similar to the PCR data shown in Figure 4 , top panels A and B, revealing transcriptional expression of the BARF1 gene in cells in the cloned lines (at least at early passages in culture), but at negligible levels or absent in the uncloned lines. Although little is known about the BARF1 gene, these data suggest that its overexpression either contributed to the formation of DMs or allowed for the selection of cells carrying such structures, which in turn allowed for enhanced cellular growth. No growth alterations of this nature were observed when the M845PE line was similarly transduced with LMP1. Notably, in contrast to many in vitro studies on primate cells (Freshney, 1983) , during the process(es) that led to the generation of epithelial cell lines with EBV p31 DNA, no cell`crisis' period was observed. In an attempt to gain further insight into the`immortalization' process, terminal restriction fragment (TRF) lengths (indicative of telomere patterns) were analysed in cells at dierent passages in culture. The expectation was that with time, TRFs in the epithelial cells might initially shorten. Then, possibly following expression of telomerase, this process would be arrested or reversed as observed during immortalization of B-lymphocytes by EBV (Counter et al., 1994) . This was not, however, the case. In M845PE epithelial cells, the TRF lengths remained constant (at 421 kbp) from early to late passaged times in vitro, not varying from lengths observed in primary cell cultures, as shown in Figure 6 . A similar length was seen in a TRF from a human NPC, used as control. Although TRF lengths remained essentially constant throughout the entire growth period, their quantitative picture at dierent time-points diered. Quantitative variations could re¯ect cell selection, or events that occurred during a possible`mini' or genetic' crisis that appears to occur during intermediate stage passages of cells, where most EBV appeared lost from the chromosomes and numbers of detectable, EBVpositive DMs were low. Interestingly, treating these cells with chemical reagents, n-butyrate and the phorbol ester, TPA, which up-regulates the expression of some EBV genes, appears to decrease TRF levels.
Discussion
Early cultures of primary diploid human (and other primate) cells are metabolically active, then undergo degenerative alterations over periods from 1 to 3 months, with loss of metabolic activity and the accumulation of debris. In some situations, cells cease to divide, but after long periods of inactivity (`crisis'), may resume growth activity or fully senesce (Hay¯ick and Moorhead, 1961; Freshney, 1983) . Cells that survive long-term in culture are generally of mesenchymal origin, even kidney cells which often begin as epithelial cell cultures with scattered nests of ®broblasts (Freshney, 1983) . Epithelial cells generally grow more slowly in culture than ®broblasts and are more dicult to propagate, frequently requiring specialized techniques (Harris, 1996) . They can sometimes be rescued from crisis by oncogenes such as SV40 T-antigen, and may (Steinberg and Freshney, 1996) . Recent studies suggest that normal human epithelial cells (from mammary tissues) can grow past senescence without a true crisis, generating chromosomal alterations in the process, but not becoming immortal (Romanov et al., 2001) , thus diering in their properties from ®broblasts. We showed earlier that transfection of primary common marmoset kidney cells with a subfragment of EBV DNA, called p31 (Figure 1 ), selected epithelial cells in the population for continuous growth, or`immortalization', with no apparent cell crisis (Grin and Karran, 1984; Karran et al., 1990) . The mechanism observed was suggestive of a`hit and run' situation.
Here we show that p31 DNA also`immortalizes' the epithelial cells in parotid (and nasopharyngeal) explant cultures, again with no evidence of a proliferation crisis. In the work with parotid glands (where our studies have focused) as with kidney cells, several reproducible sequential events were noted. First, following integration into host chromosomes, gene ampli®cation of a sub-component of p31 DNA occurred, epithelial cells began to proliferate and other cell types senesced. During continued passaging, epithelial cell lines (M845PE) were generated in which the chromosomes became hypodiploid (as opposed to the heteroploid state normally seen in transformed or tumour cells) and several translocations were observed ( Figure 3B ). Over time, loss of input viral DNA was observed, until at some stage none was detectable, even by sensitive PCR techniques (Figure 4 , see Table 1 ), again suggestive of hit and run'. However, at the single cell level, uorescence in situ hybridization (FISH) identi®ed viral DNA both in chromosomes and, unexpectedly, in double minute (DM) extrachromosomal bodies ( Figure  5 and Table 2 ). With continued passaging, the proliferative rate of M845PE cells, and the numbers of DMs, increased; PCR ampli®cation again identi®ed viral sequences in the cell population. Later studies showed that clonal epithelial cell lines could be generated (M845PE/ZAR) if the viral gene, BARF1, expressed from a strong, inducible promoter, was reinduced into the cell population. Cells in the cloned lines contained increased numbers of DMs (Table 2) . At no stage, however, did any of the cultures grow as transformed cells in soft agar, nor were they tumorigenic. Since spontaneous outgrowth was never observed with marmoset tissues in the absence of p31 DNA, the data strongly implicate viral functions as being of fundamental importance, at least initially, in inducing the phenotypic alterations observed. We assume some of these functions are driven by epithelial cell speci®c promoters, as suggested by the various data summarized in Figure 1 . The molecular studies suggest a model, similar to that given (Figure 7) .
To explore the topic of cell growth without`crisis', the lengths of telomere-related restriction fragments (TRFs) were investigated in M845PE cells and cloned lines whose chromosomal and viral genetic contents had been analysed at dierent time points in culture (Figures 3 ± 5 and Tables 1 and 2) . Surprisingly, no shortening of telomeres was observed during propagation. That is, starting from initial cellular primary cultures through to late passaged p31-`immortalized' epithelial cells, and cloned lines, the telomere length remained constant (Figure 6 ), resembling in size that found in DNA in a nasopharyngeal carcinoma tumour (NPC), C15. These data contrast with those observed during the immortalization of B-lymphocytes by EBV (Counter et al., 1994) . Here, after a period in crisis in which reductions in telomere sizes to a critically short length were observed, telomerase ± the reverse transcriptase associated with the restoration of telomere lengths (and either absent or present at very low levels in diploid cells of higher eukaryotes) ± was Figure 6 Terminal restriction fragments (TRFs) associated with telomeres in M845PE cells at dierent stages of propagation. Total cellular chromosomal materials corresponding to 1 ± 2 mg/ml (in 10 ml) DNA was cleaved to completion with Hinf. Products were separated on a 0.8% agarose and electrophoresed for 16 h at 39 mA, then probed with a telomere speci®c probe. The tracks contain digested DNA from: untreated marmoset parotid cells at passages 3 or 6 (when cell growth was no longer active) (tracks 1 and 2, respectively); DNA from M845PE (p31-transfected parotid) cells at passages 8, 12, 21, 21 (treated with n-butyrate and TPA), 35 and 46 (tracks 3 ± 8, respectively); DNA from M845PE/ZAR cloned lines 7, 3 and 1 (tracks 9 ± 11, respectively); and control C15 NPC DNA (C). An ethidium bromide stained gel, prior to hybridization (not shown), showed equivalent amounts of DNA, as smears, in tracks 1 ± 5, 7 ± 10 and C. Track 6 either had less DNA loaded, or was composed of lower molecular weight materials, not retained on the gel. Track 11 (clone 1 DNA) had 2 ± 3-fold more DNA on the gel activated, apparently restoring normal chromosomal telomere lengths, and allowing the cells to becomè immortal'. The authors suggested that telomerase activation might be a common step in EBV-induced cellular immortalization. Telomere patterns during viral fragment-induced B-cell proliferation (Kempkes et al., 1995; Robertson and Kie, 1995) have not been reported. But the available data, Counter et al., 1994 and ours, argue that mechanistically the routes that lead to proliferation in the dierent cell types, as well as the genes concerned (Figure 1 ), may vary, and that in the case of epithelial cells proliferation may essentially be telomerase independent.
Modes of cell survival independent of this enzyme activity have also been invoked for yeast (McEachern and Blackburn, 1996; Nakamura et al., 1998) and Syrian hamster ®broblasts (Russo et al., 1998; discussed Sedivy, 1998) , and prevention of telomere shortening, may be achieved by other mechanisms, including recombinational events, or protein/DNA interactions that assist telomere`capping' (Blackburn, 2000) . If one hypothesizes that an EBV protein might bind DNA near or at telomere sites and prevent their shortening, the question would be which of the viral proteins, within p31 DNA, might ful®l this role? Candidate genes may be found among those associated with the epithelial cell tumours, such as NPC (Hitt et al., 1989; Chen et al., 1992; Brink et al., 1998; Zhang et al., 1998; Hayes et al., 1999; Xue et al., 2000; Smith et al., 2000) , see Figure 1 . There is no suggestion in the literature (Strockbine et al., 1998) or in its structure (Baer et al., 1984) , that BARF1, the only p31-containing viral function known to stimulate cell growth (Wei and Ooka, 1989; Wei et al., 1994 Wei et al., , 1997 , might act in this manner. Genes which might be considered would be the viral DNA binding protein, BALF2 (Zhang et al., 1988) , the major NPC complementary strand (CST or BARF) transcripts which have numerous small open reading frames (Smith et al., 1993 (Smith et al., , 2000 , and a gene, BDLF2 which has interesting homology to B1 cyclins and adenovirus E1A (our unpublished data). However, except for genes associated with the virus lytic cycle, Figure 7 Model for the observed viral DNA behaviour in immortalized epithelial cells, de®ned initially as a`hit and run' event.
Step 1: Integration of circular p31 DNA (v) (stippled and solid bar) (Karran et al., 1990) into the linear host (h) chromosome (open bar, which also contains some sequence homology with EBV DNA (Arrand et al., 1983;  represented by solid bar), assuming that viral information initially integrates into the host, possibly at or near a sequence homologous region;
Step 2: speci®c viral gene ampli®cation (of IR1) and possibly also of host DNA occurs;
Step 3: DNA replication to increase the number of cells containing input viral DNA, including the ampli®ed sequences, assuming that the integration/ampli®cation process leads to chromosomal instability and that input DNA is excised by more-or-less random recombination events;
Step 4: excision of viral (including replicated) information together with adjacent mammalian sequences from the host chromosome, leading to DMs of dierent sizes and complexities and marker chromosomes. (Of the DMs shown, the topmost would contain some unique host DNA as well as total input and replicated viral DNA + host homologous sequence. The middle DM contains most, but not all, of the input and ampli®ed viral sequence. The third DM contains only a part of the ampli®ed viral DNA, the rest remaining in the host). This model allows for a region of the host chromosome with no viral, or viral homologous, sequence. Not shown is a DM containing no viral sequence, although this situation was observed in the FISH analyses.
Step 1 probably involves non-homologous recombination although as the EBV genome has sequence homology with its host chromosome (which includes limited homology within the BamHI W fragment), it cannot be excluded that homologous recombination may have occurred.
Step 4 as our data and those of others (Nowell et al., 1983) suggest, may be reversible. The DM and host chromosomes shown (bottom panel) would allow for a reversible step involving homologous recombination in modi®ed chromosomes and DMs. Not indicated in this scheme is a precise mechanism used by the EBV genetic information to prolong the life of cells, that is, Step 5. It may prove to be, at least in part, a consequence of recombination between the DMs and the host chromosome to`cap' telomeres and prevent their shortening (Blackburn, 2000) . a=ampli®ed and v=single copy viral information; h=host sequences most genes within p31 are relatively poorly characterized. A search for a speci®c virally-encoded`capping' function would thus present a considerable, but potentially important, challenge.
Another topic arising from our studies is the role of the observed DM subchromosomal species in the mechanisms associated with cell longevity. They presumably arose as a consequence of gene ampli®ca-tion followed by excision from the host chromosome, and appear to be functionally relevant to the continued and ultimately enhanced growth observed among the epithelial cell populations, and may play a role in the chromosomal alterations observed ( Figure  3) . Many of the DMs contain detectable viral sequences ( Figure 5 ). For their survival, DMs, which do not appear to carry telomeric sequences (Furuya et al., 1993) , and are generally circular (van der Bliek et al., 1988; Hahn, 1993) , should be independent of telomerase activity. Data from elsewhere (Nowell et al., 1983; Hahn, 1993) suggest that DMs may reintegrate into host chromosomes, creating an element of`¯uidity' for genetic information. With the cloned cell lines (M845PE/ZAR), this topic could be further pursued. Notably, DMs appear to allow for the occurrence of recombinational events, and as such, might also play a role in`capping' and stabilizing telomeres (Blackburn, 2000) .
How EBV stimulates and/or controls the growth of epithelial cells is, or should be, a major concern in the cancer ®eld. Relative to the viral role in B-cells, this topic has been on the whole neglected. Our data point to novel mechanisms for this process, independent of classical oncogenic functions, which involve gene ampli®cation, growth stimulation and the generation of DMs and chromosomal alterations (see Figure 7) . They suggest a possible role for a viral function in thè capping' of telomeres to prevent shortening.
Materials and methods

Material sources
Primary marmoset (Callithrix jacchus) organs were taken from animals born and reared in a closed colony. The nasopharyngeal tissues available were 1 ± 2 mm in diameter, whereas the parotids were on average about 6 mm. The p31 subgenomic fragment of EBV DNA was obtained from a cosmid (pHC79) library derived from partially digested BamHI products from the B95-8 EBV genome (Grin and Karran, 1984) . During the cloning procedure, one copy each of BamHIW (IR1) and L were incorporated into an otherwise contiguous region of the viral genome (see Figure 1 , also Grin and Karran, 1984) . EBV BamHI DNA clones used as probes in this study were derived from B95-8 EBV (Arrand et al., 1981) . A plasmid (pZAR1) containing the BARF1 open reading frame (Wei and Ooka, 1989 ) was a gift from Dr T Ooka (Lyon).
Primary cell culture and establishment of epithelial cell lines
Kidney, nasopharynx and parotid glands were isolated from fresh tissues of one of each set of newborn (1 ± 3-day old) common marmoset (Callithrix jacchus) triplets. Explants (average size 1.5 mm 3 ) ) derived from parotid (or nasopharyngeal) tissues were fed with DMEM/NUT Mix F-12 (1 : 1) medium (GIBCO ± BRL) supplemented with 2% foetal calf serum, 2 mM glutamine, 0.5 mM hydrocortisone, 10 mg BSA, 10 ng EGF, 5 mg insulin, 5 mg transferrin and 5 ng sodium selenite/ml, as well as with 100 U penicillin, 100 mg streptomycin and 0.25 mg amphotericin B/ml. Cells were grown at 378C in an incubator with 5% CO 2 . The explants, as partially selected materials, were transferred into fresh dishes when out-growing cells achieved over 50% con¯uence, and culture was continued. During the initial growth and establishment of the epithelial cells, small ®broblast outgrowths were removed by treating the cells with 0.02% EDTA/PBS (Harris, 1996) . Enzymatic tissue disaggregation was used for kidneys, as previously described (Karran et al., 1990) .
EBV p31 DNA was introduced into primary explant cultures of marmoset cells by Lipofectin (GIBCO ± BRL)-mediated transfection, according to the manufacturer's instructions. Generally, 5 ± 10 mg of the recombinant DNA and 30 mg of Lipofectin were applied for each 60-mm dish with 50% con¯uent cells; incubation was continued for 18 ± 24 h. After transfection, cells were grown in the media described above, and sub-cultured weekly at various dilutions from 1 : 2 to 1 : 5 depending on cell growth. Late passages of parotid (but not nasopharyngeal) cells grew vigorously and could be subcultured at 1 : 10 ± 1 : 20 dilutions.
M845PE/ZAR cloned cell lines
An immortalized parotid cell line, M845PE, at passage 24 in culture, was transduced with ZAR1 DNA in the presence of Lipofectin, and treated with G418 (ampicillin). Cells that survived antibiotic selection were plated out as sparse cultures of single cells and allowed to proliferate to produce individual colonies, several of which, based on enhanced growth properties as compared with the parental parotid cells, were isolated and expanded as above. One clone (number 30) was tested for its ability to produce tumours in athymic mice, but none were observed.
Detection of cellular cytokeratins by indirect immunofluorescence
This procedure was performed as described (Broers et al., 1986) , using mouse monoclonal antibodies 6B10 (keratin 4), LP1K (keratin 7), LE41 (keratin 8), LH2 (keratin 10), IC7 (keratin 13), LL001 (keratin 14), LE61 (keratin 18), LP2K (keratin 19), and LP34 (pancytokeratin) (all gifts from Dr S Chang). Once established, the parotid line (M845PE) stained positive with LP34 and was further typed using the monoclonal antibodies to simple, basal and non-corni®ed, strati®ed or squamous epithelium. Cells were positive for cytokeratins 7 (weak staining), 14 (intermediate), 8 and 18 (strong) , indicative of some, but not all (notably cytokeratin 19) basal epithelium. They were negative for squamous (cytokeratin 10) and non-corni®ed, strati®ed epithelium (cytokeratins 4 and 13).
Chromosomal analyses
Metaphase chromosome slides were prepared by standard methods (Bar et al., 1992) . Brie¯y, actively growing epithelial cells were treated with colcemid (0.02 mg/ml) for 16 ± 18 h before being harvested. Cells were subsequently incubated in pre-warmed hypotonic solution, 0.075 M KCl, at 378C for 35 ± 40 min, followed by ®xation (twice) of chromosomes with methanol/acetic acid (3 : 1) at room temperature for 25 ± 30 min. Metaphase slides were left at RT for 3 ± 5 days and banded with Wright's stain. Karyotypes were analysed according to the standard marmoset karyotype (Ejiwunmi, 1987) .
Detection of viral DNA in immortalized cells by PCR
Ampli®cation of total chromosomal DNA (0.1 mg) was performed in a PCR reaction consisting of 75 mM Tris.HCl (pH 8.8), 20 mM (NH 4 ) 2 SO 4 , 0.01% (v/v) Tween-20, 1.5 mM MgCl 2 , 0.16 mM of each dNTP, and 0.03 nM of each primer, with two units of thermo prime plus Taq polymerase (ABgene). Mineral oil (50 ml) was layered above the PCR reaction mixture. For ampli®cation, the initial denaturing time was 5 min and a programme of denaturing at 958C for 1 min, annealing at 608C for 1 min, and extending at 728C for 1.5 min was followed through 36 cycles. The primers used and expected sizes (in base pairs) for BamHI fragments, as noted respectively, are: A: 5'-CCAGAGCAATGGCC-CAGGTTC and 5'-CAAGGTGAAATAGGCAAGTGCG (697); D: 5'-TTGGCATAGGTGGGTGTGGC and 5'-CCTACAGTCTTTGGCATCAC (276); I: 5'-CTCATCT-GATGCTCTGTGGCAC and 5'-ATGGCCCTCGAAACT-GACACAC (213); W: 5'-CCATGTAAGCTTGCCTCGAG and 5'-GCCTTAAGATCTGGCTCTTTG (236). PCR products were separated by electrophoresis on 1% agarose gels containing ethidium bromide. Following transfer to membranes, their identities were veri®ed by hybridization with EBV sub-fragments ( Figure 1 and Table 1 ) (Arrand et al., 1983) , labelled with a-32 P-dCTP using the random prime labelling system, as recommended by the manufacturer (Pharmacia Biotech). (The large BamHI A fragment, was initially cleaved with BglII in order to generate probes of higher speci®city.) Alternatively, a g-32 P-ATP end-labelled oligonucleotide probe was used. For BARF1 products this was 5'-GGTCAACAGCAACAGAGAGGC-3' and for Bam-HI W, 5'-CTTTGTCC-AGATGTCCAGGG-3'.
RNA isolation and RT ± PCR analysis
Total RNA was isolated from p31-transduced cell lines by the guanidinium/caesium chloride method, as described (Sambrook et al., 1989) . Samples (10 mg) were treated with 10 units DNaseI (Boehringer) in 10 mM Tris.HCl (pH 7.5), 10 mM MgCl 2 , 50 mM NaCl and 1 mM DTT. After mixing, the reaction was incubated at 378C for 30 min, then extracted twice with phenol-chloroform and precipitated with ethanol in the presence of 0.3 m NaOAc. To control for the enzymatic digestion, DNA (0.1 mg) was similarly treated and subjected to PCR ampli®cation. DNaseI treated total RNA (10 mg) was used to synthesize ®rst-strand cDNA, using random primers, as described previously (Frohman et al., 1998) . Synthesized cDNA was diluted in 10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA (100 ml) and ampli®ed by PCR, as described above. Bands separated by electrophoresis on agarose gels were probed with the 32 P-end-labelled oligonucleotides (given above) for detecting products corresponding to BARF1 and BamHI W.
FISH analysis
Biotinylated DNA probes, as indicated (Table 2) , labelled using the BioNickTM system (GIBCO ± BRL), were used on metaphase slides, essentially as described (Trask, 1991) . Slides were incubated at 378C with FITC (¯uorescein isothiocyanate)-labelled avidin for 30 min. After three washes with 0.5% Tween-20/46SSC, chromosomes were counterstained and banded with DAPI (4',6-diamidino-2-phenylindole). Images were captured using a Zeiss Axioplan microscope with an appropriate ®lter and a cooled CCD camera (Photometrics, Arizona, USA) attached to a Macintosh computer with SmartCapture software (Digital Scienti®c, Cambridge, UK).
Terminal restriction fragment (telomere) lengths
The method used was essentially that described by Counter et al. (1994) . Brie¯y, total chromosomal DNAs from untreated parotid gland and p31-treated M845PE cells were digested to completion with the Hinf restriction enzyme, and fragments (TRFs) were separated by electrophoresis on a 0.8% gel for 16 h at 39 mA. DNA from a human NPC xenograft (C15) was used as a control. Products were transferred to nylon membranes and probed with a 32 P-labelled telomere speci®c (TTAGGG) 4 T probe.
